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Abstract
We consider a 5D SUSY SU(3)c  SU(2)L  U(1)Y  U(1) model compactied
on an S(1)/Z2 orbifold. To cancel anomalies arising from the presence of U(1), we
employ a Chern-Simons term and also chiral elds which could reside on the brane or
in the bulk depending on the model. The presence of U(1) symmetry leads to baryon
number conservation, gives rise to matter parity, and permits satisfactory neutrino
masses and mixings even for a low fundamental scale. The brane Fayet-Iliopoulos





The so far unsuccessful search for proton decay by the SuperKamiokande experiment [1]
has yielded a lower bound of around 1033 years on the lifetime, which proves especially








where M  MPl = 2:4  1018 GeV denotes reduced Planck mass. The dimensionless
parameters ; 0 must be < 10−8 or so, which demands some reasonable explanation. The
suppression of such d = 5 operators can be realized by either imposing discrete gauge
[2], flavor [3], string-induced anomalous U(1) [4] or R-symmetries [5]. One must also
suppress d = 5 operators emerging through the exchange of additional states, such as the
colored triplets appearing in GUTs. Various mechanisms can be applied [4]-[7] to this
end, making the nucleon suciently long lived4.
The problem of B conservation becomes much more acute in extradimensional theories
with a low fundamental scale. The main phenomenological motivation for these kinds of
models is the possibility of resolving the gauge hierarchy problem [8]. However, lowering
the fundamental mass scale Mf down to a few TeV increases the d = 5 operator induced
nucleon decay amplitude by a factor of MPl=Mf  1016 unless some additional mechanism
for B conservation is applied. In ref. [9], scenarios with gauged baryon number were
considered and the matter sector was extended in order to cancel the anomalies. Ref.
[10] suggested scenarios in which quarks and leptons are localized on dierent 3-branes
separated in the extra dimension(s). As a result, baryon number violating operators can
be strongly suppressed. In ref. [11], within the framework of a ve dimensional (5D)
SU(5) orbifold GUT, certain d = 5 operators were eliminated using special prescriptions
of orbifold symmetry parities. It is also possible in such models to obtain GUT symmetry
breaking and doublet-triplet splitting. However, Planck scale d = 5 operators can still be
problematic and additional care must be taken to suppress them [12].
In this paper, we present a new scenario in which baryon number arises as an accidental
symmetry at the 4D level, which originates from 5D SUSY SU(3)c  SU(2)L  U(1)Y ,
supplemented with a U(1) symmetry. After imposing a Z2 projection, U(1) becomes
anomalous on the xed points. The 4D U(1)3 anomaly is cancelled by a bulk Chern-
Simons (CS) term [14], [16]-[20]. The known quark, lepton and higgs superelds carry
non-trivial U(1) charges, whereas their N = 2 mirrors carry opposite charges. The mixed
anomalies are cancelled through suitable assignments of U(1) charges for the quark-lepton
superelds and by some additional chiral states. In the 5D bulk, we have a manifestly
4Let us note that within SUSY GUTs, the decays mediated by the X and Y gauge bosons are
adequately suppressed if the GUT scale, MG  2  1016 GeV.
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vectorlike theory. After imposing a S(1)=Z2 orbifold compactication, we obtain 4D N = 1
SUSY SU(3)c  SU(2)L  U(1)Y supplemented with a U(1) gauge factor. The latter is
crucial not only for suppressing B violating operators to the desired level, but also for
obtaining appropriately suppressed neutrino masses and automatic matter parity. All
this can be achieved for various values of the fundamental mass scale, with Mf as low as
 100 TeV. The U(1) symmetry can also be successfully employed as a flavor symmetry
to explain the hierarchies among the charged fermion masses and their mixings.
2 5D SUSY SU(3)c  SU(2)L  U(1)Y  U(1)
on an S(1)=Z2 Orbifold
It is well known fact that after a Z2 projection, bulk fermion elds can introduce an
anomaly localized on both xed points [13], [14], [16]-[20]. This anomaly can be written in
the form DAJ





afT b; T cg]. Provided∫ 2R
0 dyf(y) = 0, a bulk CS term can be added to cancel the anomalies from the fermions.
As shown in refs. [16]-[20], f(y) = 1
2
[(y) + (y − R)], and the integral of f is nonzero,
which means we cannot cancel the anomaly simply with a CS term. However, this can
be remedied by adding additional fermion elds in such a way that the integral of f is
zero. After this cancellation, the quantized theory will be free of local gauge anomalies5.
Anomaly cancellation by adding a bulk CS term was considered in refs. [13], [14], [16]-[20].
Here, we will exploit it for obtaining baryon number conservation in four dimensions6. In
5D, we will introduce a U(1) gauge symmetry which, prior to the addition of a CS term,
is anomalous and suppresses dangerous baryon number violating operators to the desired
level.
Consider then a 5D supersymmetric SU(3)c  SU(2)L  U(1)Y supplemented with
a U(1) gauge symmetry. In 4D notation, the N = 2 gauge supereld VN=2 = (V;)
contains an N = 1 gauge supereld V and a chiral supereld , both of which are in
the adjoint representation of the gauge group. The chiral supermultiplet HN=2 = (H;H)
contains two N = 1 chiral superelds H and H transforming as p and p-plets respectively
under the gauge group. H denotes all the ‘matter’ and/or ‘scalar’ superelds of MSSM,
while H denotes their mirrors. In N = 1 notation, the 5D action includes [16], [22]:
S(5) =
∫
d5x(L(5)V + L(5)H ); (2)
5In string theories, anomaly cancellation can occur through the Green-Schwarz mechanism [15]. This
also can be used eciently for baryon number conservation [4].
6This mechanism of anomaly cancellation was applied in ref. [21] to gauge Peccei-Quinn U(1)PQ







































H + h:c:; (4)
and W are the supersymmetric eld strengths. The action in eq. (2) is invariant under
the gauge transformations









( + iA5) +
p
2 + F ; (6)
where A5 is fth component of a 5D gauge eld and  is the real adjoint coming from 5D
N = 1 gauge supermultiplet.
We consider compactication on an S(1)=Z2 orbifold, with all elds having a denite



























where 0 = 1=
p
2 and (n) = 1 for n 6= 0. As can be seen from eq. (7), H− does not have
a zero mode. The xed point y = 0 is identied as the 3-brane corresponding to our 4D
world.
In 5D, we also introduce a SM singlet supereld XN=2 = (X; X) which carries a U(1)
charge and is crucial for U(1) symmetry breaking in 4D. The eld content of the 5D model
is given by
QN=2 = (q; q) ; U
c
N=2 = (u




LN=2 = (l; l) ; E
c
N=2 = (e
c; ec) ; (8)
HuN=2 = (hu; hu) ; H
d
N=2 = (hd; hd) ; XN=2 = (X; X) : (9)
The U(1) charges and Z2 parities of the various components of the gauge (VN=2) and
‘matter’/‘scalar’ (HN=2) superelds are displayed in Table 1. Note that a, b,  and γ are
numbers to be specied later and n is a positive integer.
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Table 1: The U(1) charges and Z2 parities of gauge, matter and scalar superelds
N = 2 Supermultiplet U(1) Charge Z2 Parity
All VN=2 = (V; ) (0; 0) (+; −)
XN=2 = (X; X) (1; − 1) (+; −)
QN=2 = (q; q) (a; − a) (+; −)
U cN=2 = (u




) (−a− n+ γ; a+ n− γ) (+; −)
LN=2 = (l; l) (b+ γ; − b− γ) (+; −)
EcN=2 = (e
c; ec) (−b− n; b+ n) (+; −)
HuN=2 = (hu; hu) (−; ) (+; −)
HdN=2 = (hd; hd) (−γ; γ) (+; −)
After projecting out states with negative Z2 parity, we eectively have 4D N=1 MSSM
supplemented with a U(1) gauge symmetry and a supereld X. In the next section we
shall see that the U(1)3 anomaly from the fermions can be cancelled by a compensating
contribution from a CS action involving the U(1) gauge eld.
3 Anomaly Cancellation





[(y) + (y − R)] (10)
where D is the covariant derivative, A denotes the ve spatial dimensions, a labels the T a







afT b; T cg] : (11)
By contrast, the anomalies due to brane fermion elds localized on the y = 0 or the
y = R brane are given by
DAJ
a;A(y) = Qa(y)(y) ; DAJ
a;A(y) = Qa(y)(y − R) (12)
respectively. Note that the contributions to the anomaly from the bulk and brane fermion
elds dier by a factor of 2. So, unless the (rational) U(1) charges of all the fermion elds
satisfy Trbrane[TafTb; Tcg] = −12Trbulk[TafTb; Tcg] on both branes, we cannot cancel the
4
anomalies induced by the bulk fermions simply by adding brane fermions. In general,
if we insist on rational U(1) charges, such an assignment will not be possible. However,
using a combination of additional fermion elds and a CS term in the action, we can
cancel the local gauge anomalies everywhere.
















where A = AaT
adx, F = 1
2
F aT
adx ^ dx , and M is the spacetime manifold. This
is a slightly modied form of the CS action because of the addition of a neutral eld ,
which could either be a dynamical eld whose VEV satises eq. (20) or a nondynamical
function. Since the Lagrangian must be even,  has to have a negative Z2 parity. So,
unless  is trivially zero everywhere, it has to have a y-dependence.
Under an innitesimal gauge transformation which transforms the fermion elds,  ,
 !  + i! ; (14)
we can show that
A = i!A− iA! + 1
g
d! (15)






From these equations, we have:





























where  represents the charged scalar elds and : : : represents the variation due to all the
other charged elds. In the previous equation, we have split the action into three parts,
S = SCS + Sgaugekinetic + Srest and used the denition J  A(SCS + Srest) for the current.
Srest includes all the terms of the action except the CS and the gauge kinetic term and
is a functional of A because the covariant derivative in used in the matter part of the








afT b; T cg]: (19)
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0; 0 < y < R
−0; R < y < 2R : (20)
With this form for , the 4D anomalous terms induced from variation of the CS action
has opposite signs on both branes. Now, with the addition of brane fermions on the
y = 0 brane with the appropriate quantum numbers to contribute an anomaly of −Q,
the anomaly on the y = 0 brane is −Q=2 and the anomaly on the y = R brane is Q=2.
But since the anomalies are now of opposite signs, they can be cancelled by the CS action
with an appropriate value for 0. Another possibility is to add the brane fermions to the
y = R brane instead. Now, the anomalies would be Q=2 and −Q=2 on the y = 0 and
the y = R branes respectively. This can also be cancelled by the CS action. A third
possibility, of course, is to have the additional fermions in the bulk, obeying the same Z2
projection as the other elds. The additional fermion elds would then have chiral zero
modes and massive vector Kaluza-Klein modes from a 4D point of view. In this case, the
anomalies cancel locally and no CS counterterm is needed. But in fact, however, it can
be shown that in the limit as the absolute value of the 5D mass, jM j, of the additional
fermion elds goes to innity7, the low energy eective theory would be that of a chiral
brane eld plus an eective CS action [19] with the appropriate value for  to cancel the
anomalies, reducing to the other two possibilities mentioned earlier.
As far as the mixed anomalies are concerned, for their cancellation we introduce some
additional superelds. Namely, an SU(3) triplet, F1, and an SU(3) antitriplet, F2, which
are neutral under SU(2) and U(1)Y (other possibilities seem to give rise to U(1) charge
assignments in such a way that either suppression of proton decay does not hold, or the
additional states obtain masses of order the electroweak scale). These additional elds
couple to each other on the brane through the interaction term XkF1F2, where −k is the
sum of the U(1) charges of both elds. Referring to Table 1, we can see that the mixed
SU(3)2 −U(1), SU(2)2 −U(1), U(1)2Y −U(1) and U(1)Y −U(1)2 anomalies vanish if the
following relations hold:





n = 3k ;  =
1
16
(60a+ 39k) : (21)
This leaves us with the U(1)3 and the U(1)− grav2 anomalies. For cancellation of U(1)3
anomaly we invoke the bulk CS term. For U(1) − grav2 anomaly cancellation we add
7Under orbifold Z2 parity M ! −M , so between an additional chiral state Ψ and its mirror Ψ the
coupling MΨΨ is allowed.
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additional SU(3)SU(2)U(1)Y singlet elds which are charged under U(1), such that
TrQU(1) = 0. The latter condition also avoids divergences in the renormalization of the
Fayet-Iliopoulos term [20].
4 Neutrino Masses















whereMf denotes some fundamental mass scale. A nonzero VEV for the scalar component
of X is guaranteed by a brane Fayet-Iliopoulos (FI) term for VU(1), which is permitted by
all 4D symmetries. One can also show that within the 5D orbifold framework, the brane
FI term does not induce SUSY breaking. In appendix A, we present a detailed analysis
of these issues. We assume that hXi (U(1) breaking scale) is not too far below Mf , i.e.
hXi
Mf
  ’ 0:2 : (23)
This value of  is an important expansion parameter for understanding the charged fermion
mass hierarchies and mixings [23]. Since tan ’ mt
mb
n, n has to take values between 0 and
3 to reproduce the observed masses. Here we consider two scenarios: (I) Mf ’ MPl =
2:4  1018 GeV and (II) Mf  100 TeV.
For case (I), the Planck scale d = 5 operators (lhu)
2=MPl (if permitted) induce neutrino
masses that are much too low to explain the atmospheric neutrino anomaly via oscillations.
To generate neutrino mass  3  10−2 eV, we have to introduce a right handed neutrino
state. Introduce an MSSM singlet N = 2 supermultiplet NN=2 = (N ; N ) with U(1)
charge (QN ;−QN ) and Z2 parity (+; −). Then, only N will have a zero mode. The











N 2 ; (24)
where m and p are non-negative integers. The light neutrino acquires mass of order of
h2u=(MPl
p−2m) = (10−2 − 1) eV for  ’ 0:2 and p− 2m = 5− 8. This mass scale for the
third generation neutrino suggest either hierarchical [23], [24] or degenerate [25] masses
for the neutrinos, if one wants to account for both the atmospheric and solar neutrino
anomalies (see [26] and [27] respectively).
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(p− 2m) : (25)
(II) For a fundamental scale of Mf ’ 100 TeV, the situation is quite dierent in the
neutrino sector. Here, we do not need to introduce right handed states. The suppression











(where r is a positive integer), which gives m ’ h2ur=Mf ’ (0:1− 1) eV for  ’ 0:2 and





(24r − 53k) and  = 1
168
(60r + 277k) : (27)
The couplings in eqs. (24) and (26) generate neutrino masses consistent with current
atmospheric neutrinos data [m  (0:1− 1) eV]. An appropriate scale for solar neutrinos
can be obtained either by introducing heavy right handed neutrino states or using spe-
cic neutrino mass matrices. The latter can be generated if U(1) is applied as a flavor
symmetry [23]. Indeed, this can ensure large, even maximal mixings between neutrinos
[23], explaining both the solar and atmospheric neutrino data.
5 Baryon Number Conservation
and Automatic Matter Parity
It turns out that with suitable U(1) charge assignments, it is very easy to forbid all
dangerous baryon number violating operators and obtain automatic matter parity. Table
2 list some matter parity and baryon number violating operators and their U(1) charges
for scenarios (I) and (II). To compute the U(1) charges of the couplings in the context of
scenario (I), we use relations (21) and (25) and the prescriptions of Table 1, while in the
context of scenario (II), we use relations (21) and (27). In scenario (I), as can be seen
from Table 2, the matter parity violating couplings (i)-(iii) are forbidden for k = 1 (which
gives tan  unity) and p− 2m = 5 − 8 (to get the correct magnitude for the neutrino
masses for  ’ 0:2) because their eective U(1) charges are fractional. For p− 2m = 5; 7,
operator (iv) is allowed with suppressions 16 and 7 respectively which is not relevant
phenomenologically. Baryon number violating d = 5 operators (v) and (vi) have positive
U(1) charges for any positive integer k and are therefore forbidden. The same applies to
the d = 5 operator (vii) which violates baryon number.
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Table 2: U(1) charges of a few matter parity and baryon number violating operators for
scenarios (I) and (II).
Operator Corresponding U(1) charge
Scenario (I) Scenario (II)
(i) hul −2356 k + 92(p− 2m) 53168k − 914r
(ii) qdcl −175
12











































As far as scenario (II) is concerned, for k = 1 and r = 11− 13 (which give the correct
values for the neutrino mass (26) for  ’ 0:2), all (i)-(vii) couplings carry noninteger
U(1) charges and are therefore forbidden as a result. Thus, thanks to the U(1) symmetry,
matter parity is present and baryon number conservation holds, even after taking account
of dimension ve operators.
In scenario (I), higher order baryon and lepton number violating operators are irrele-
vant from the phenomenological viewpoint since even if they are present, they are strongly
suppressed by appropriate powers of MPl. Therefore, we can conclude that in scenario
(I), with the help of U(1) symmetry and suitable choices for a and b, baryon number is
essentially conserved.
In scenario (II), the situation can be dierent because of the low scale of Mf ’
100 TeV. Operators with B = 2 can induce observable processes (such as n− n oscilla-








k (see eqs. (21) and (27) and Table 1), which is fractional
for k = 1 and r = 11− 13 and therefore forbidden. Higher order operators with B  3
are phenomenologically not relevant.
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6 Conclusions
Throughout our discussion so far, we have assumed flavor independent U(1) charges for
chiral matter. However, automatic matter parity and baryon number conservation would
hold even if U(1) is regarded as a flavor symmetry. This provides us with the possibility
of explaining the hierarchies between the charged fermion masses and the CKM matrix
elements naturally. Also, one can construct various neutrino oscillation models in the
spirit of ref. [23], accommodating both the recent atmospheric and solar neutrino data.
In our considerations the breaking of U(1) symmetry was ensured by the FI term for
VU(1) vector supereld. An analogous term for VU(1)Y must be avoided in order to avoid
breaking either SUSY or the SM gauge group in an unacceptable way. Note that it will not
be induced at the quantum level because for the MSSM eld content we have Tr[QU(1)Y ] =
0. Let us also note that, since for both scenarios (I), (II) the scale of U(1) symmetry
breaking lies well above the Z0 boson mass, the mixed coupling
∫
d2WU(1)WU(1)Y between
the eld strengths of U(1) and U(1)Y is not dangerous [9].
In conclusion, we considered a 5D orbifold construction of SU(3)c  SU(2)L  U(1)Y
supplemented with an additional U(1) gauge factor. This U(1) symmetry allows us to
solve various phenomenological puzzles of MSSM, such as baryon number conservation
and the generation of the desired neutrino masses for the case where the fundamental
scale is either MP l = 2:4  1018 GeV or relatively low( 100 TeV). It turns out that to
cancel the mixed and pure anomalies arising from the presence of U(1), some additional
(heavy) states and 5D Chern-Simons terms must be included. The U(1) symmetry can
also play a role of flavor symmetry for understanding fermion masses and mixings.
Appendix A: The Brane FI Term and the Vacuum
Structure of the Fields
In this appendix we will study the eects of a brane FI term. The latter gives rise not
only to a non-zero VEV for the zero mode of X, but also a nonzero VEVs for its KK
states and (k). Here, V and  denote the states of the 5D U(1) gauge eld.










 + ) + F ΦFΦ
)
; (A.1)
where in the r.h.s of (A.1), the subscript  denotes the component of the supereld
constructed from  (the same applies for X and X).
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are invariant under the gauge transformation
X ! e−QXΛX ; X ! eQXΛX ;
V ! V +  + + ;  !  +
p
2@5 : (A.3)
The relevant couplings coming from (A.2) are





















(L(4)FI is invariant under the 5D gauge transformation V ! V +  + + since
∫
d4 =∫




























































































































































































































































































































It is easy to see that there is a solution with zero D and F terms and nonzero VEVs
for the X(k) and (k) states. Assuming hX(k)i = 0 for all k, from eqs. (A.15), (A.17) and







Φ = 0 : (A.20)



































(n)X(n+k) = 0 ; k 6= 0 : (A.23)
If one assumes that the VEVs of all the (k) states vanish, then from eq. (A.23), we
deduce hX(k)i = 0 (for k 6= 0) and so, we cannot satisfy eq. (A.22). Thus, we can
conclude that, in order to satisfy eqs. (A.21)-(A.23) simultaneously, the states (k) must
have non-zero VEVs. In order to satisfy eq. (A.21), we need opposite signs for  and QX .
Without any loss of generality, one can assume  < 0 and QX > 0. If we restrict eqs.
(A.21)-(A.23) to the rst k KK modes of , the rst k0 modes of X and the zero mode
X(0), we are left with k+ k0 + 1 nontrivial equations. Therefore, the number of equations
and variables coincides and there will always be a solution where all the D and F terms
vanish. In particular, the X(0) state has a nonzero VEV.
We have shown that within the framework of 5D S(1)=Z2 orbifold models, the brane
FI term for the U(1) gauge supereld ensures a non-zero VEV for the X eld and SUSY
remains unbroken. It turns out that the VEV of the scalar component of X is crucial
for the generation of suciently suppressed neutrino masses and to explain hierarchies
between fermion masses and mixings if U(1) is applied as a flavor symmetry.
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